ABSTRACT This paper presents a new type of miniaturized base station antenna array, which consists of a metal reflector, six upper-band dipoles, and a couple of ladder sidewalls, operating over 1.71-2.69 GHz (DCS/PCS/UMTS/LTE). Meanwhile, this paper also proposes a novel miniaturized phase shifter with one input and five outputs to enable the antenna array to achieve electrical downtilt (0 • -10 • ) in the operating frequency band. Three different sidewalls are applied in the proposed antenna array to compare their performance. Simulated results demonstrate that the antenna array with ladder sidewalls can achieve an excellent performance, and this proposed phase shifter also has good electrical properties to help the proposed antenna array realize downtilt. The proposed antenna array and phase shifter are fabricated and measured, and the measured results show that the antenna array has good radiation characteristics, including low-voltage standing wave ratio (< 1.4), high port-to-port isolation (>31 dB), low third-order passive intermodulation ( 3 < −120 dBm), stable radiation patterns with horizontal half-power beamwidth 65 • ± 5 • , high front-toback ratio (> 30 dB), and high cross-polarization discrimination at ±60 • azimuth (>11.5 dB) in all frequency bands and electrical downtilt angles. The proposed antenna array exhibits an acceptable gain of 15 ± 1.1 dBi across the operational frequency band.
I. INTRODUCTION
In recent years, with the continuous development of mobile communication systems, 2G, 3G and 4G will co-exist for a long time. Moreover, there is a growing demand for broadband antennas that can serve multiple systems at the same time because the site resources gradually reduce. Since dual-polarized base station antenna arrays can provide polarization diversity to increase system capacity and combat the problem of multipath fading [1] , they are also widely used.
For the above reasons, different multiband dual-polarized base station antenna arrays have been studied [2] - [8] .
In [2] - [4] , some broadband dual-polarized base station antennas have been developed to meet the market demand, while their bandwidths are not enough to cover multiband systems. Although a novel omnidirectional base station antenna was proposed [5] , its gain can not meet the requirement of dense area. A broadband ±45 • dual-polarized antenna operating in the 1.7-2.7 GHz was proposed [6] , and the base station antenna array with five elements achieved a wide bandwidth. However, the isolation of antenna array can not be greater than 28 dB in the whole frequency band, which does not meet the requirements of modern base station applications. Although the broadband planar antenna array was also developed to achieve better performance [7] , [8] , the overall length is too long to realize the requirements for miniaturization of base station antenna array. Furthermore, the characteristic of the electrical downtilt is also the important one of the base station antenna array [9] , because it can easily steer the main lobe coverage area of an antenna array and has little influence on radiation pattern. However, the design of base station antennas in many literatures have not electrical downtilt function [3] , [7] , [10] . In [8] and [11] , the base station antenna array with electrical downtilt can get better performance, but none of them can clearly explain how to achieve downtilt of the antenna array. The key to realize electrical downtilt is the use of phase shifter, which enables the direction of vertical beam of antenna array to be steered [12] . On the other hand, the big volume problem of multi-system antenna becomes the main problem in the network construction of the common site. The application of miniaturized technology solves this problem to some extent, and one of the miniaturized technology is to reduce the overall size of the antenna array by using fewer elements [6] , [13] . However, the antenna arrays can not be used in modern base station construction due to their less port isolation or gain.
In this paper, a novel broadband and dual-polarized antenna array for 1.71 GHz-2.69 GHz applications is designed. The proposed antenna array has the characteristics of miniaturization, which reduces the overall size and has the appropriate gain by using six antenna elements. The antenna array has also the function of electrical downtilt by designing a novel miniaturized phase shifter, which can manipulate the phase of each element. In addition, three different structures of sidewalls are compared to improve the radiation performance of the antenna array, including half-power beam width, gain, cross-polar discrimination (XPD)(0 • and ±60 • ). After optimization and fabrication, a compact size of 660 mm × 145 mm × 34 mm and excellent electrical performance are achieved.
II. ANTENNA DESIGN AND DISCUSSION

A. DESIGN OF ANTENNA ARRAY
In this section, the novel antenna array is proposed. In the array design, the element we proposed [14] is applied to the proposed antenna array as shown in Fig. 1 , which consists of two crossed-dipoles, two couple of baluns and a pair of inverted L shape feeding strips [15] . Compared with traditional square-loop dipole, the impedance bandwidth of the element can be greatly improved by employing parasitic metal stubs and branches [14] . As shown in Fig. 2 , experiments illustrate that the element matches well in the frequency band from 1.7 to 2.7 GHz with the low voltage standing wave ratio (VSWR<1.5) and it has a relatively stable antenna gain of 8.5 ± 0.4 (dBi). What is more, the element has great port isolation with more than 30 dB and stable radiation pattern with half-power beam width (HPBW) 65. H-plane. Because of the above reasons, the antenna element is used to assemble a miniaturized antenna array with six elements. The configuration of the proposed antenna array is shown in Fig. 3 , which consists of a rectangular reflector, six elements, and a pair of ladder sidewalls, where L 1 is the length of antenna array, L 2 is the length of the sidewall, and L 3 is the spatial distance between two adjacent elements. We know that the distance between adjacent elements is related to the wavelength of the frequency, and antenna gain also increases with the increase of distance [11] . At the same time, in order to avoid the emergence of the grating lobe, and the distance between elements is smaller than the wavelength of operating frequency band. The proposed antenna array operates in the frequency band of 1.71-2.69 GHz with the wavelength from 110 mm to 175 mm. In order to obtain higher gain and inhibition of gate valve, the distance between adjacent elements is 110 mm.
On the other hand, this paper proposes three different structures of sidewalls to improve the radiation performance of the proposed antenna array. As shown in Fig. 4 , it is a lateral view of three structures, (A) is the ladder sidewall, (B) is the u-shaped sidewall, and (C) is the slanted sidewall. For easily comparing the features of these sidewalls, they are set to the same height q and width p, and the distance to the side of the reflector is the same as the distance e, as well as the same length n of stub of sidewalls. Then, the working effects of the proposed antenna is analyzed with the aid of simulated results obtained using HFSS16. As shown in Fig. 5 , antenna arrays with three different sidewalls are compared with that without sidewalls, and the results show that antenna arrays with sidewalls will change the half-power beam width (HPBW). The HPBW range of antenna array without sidewalls is larger from 53 • to 69 • , and the antenna array with ladder sidewalls and the one with slanted sidewalls have good performance, which can maintain HPBW between 60 • to 72 • . It can be seen that the proposed antenna with ladder sidewalls or slanted sidewalls is a good choice to achieve stability and convergence of HPBW.
In addition, the XPD at ±60 • azimuth has not been mentioned in many literatures [5] - [8] , but it is very important in modern base station communication applications. In this paper, the XPD (±60 • ) is also compared to select the most appropriate sidewall. From Fig. 6 , we can know that the XPDs (±60 • ) of the antennas with sidewalls are better than one without sidewalls in all the operating frequency band, and the antenna with ladder sidewalls keeps relatively stable and larger XPD values from 11 dB to 15 dB compared to the other two antennas with u-shaped sidewalls and slanted sidewalls, which can meet the communication requirements. As shown in Fig. 7 , we can also see that the gain results of the antennas with and without sidewalls. The results show that the antennas with ladder sidewalls and slanted sidewalls have good performance, where the gain increases with the increase of frequency. Although the gains are higher in some frequency bands for the other antenna arrays with u-shaped sidewalls and without sidewalls, their gains have fluctuation in the entire frequency band. It can be seen in more detail that the antenna with ladder sidewalls has a higher gain than the antenna with slanted sidewalls. After comparing the HPBW, gain and XPD (±60 • ) of four antenna arrays, we select the ladder sidewall to design the proposed antenna array.
Furthermore, the length of ladder sidewall (L 2 ) can still be optimized to further improve the performance of the antenna. As shown in Fig. 8 , the HPBW range of the antenna is much VOLUME 6, 2018 reduced from 71 • to 60 • with the increase of the frequency when the length of L 2 increases from 420 mm to 460 mm, which is obviously better than one when the length of L 2 is 660 mm. However, when L 2 increases from 420 mm to 460 mm, the HPBW range of variation is roughly the same, so it is difficulty to confirm which length of L 2 is the best. In order to further confirm the optimal length of L 2 , front-toback ratio (FBR) and XPD at the boresight direction (0 • ) are also chosen to compare. It can be seen that the range of FBR changes from 24 dB to 31 dB when L 2 changes from 420 mm to 460 mm, which is significantly better than one when the length of L 2 is 660 mm. What is more, when L 2 is 440 mm, the FBR in the lower frequency band is almost the same compared with other cases (420 mm and 460 mm) but FBR is relatively higher in the upper frequency band. others. It has a superior data from 20 dB to 32 dB in the working frequency band, which meets the requirements of cross-polar discrimination at the boresight direction in modern communications. It is obviously that the gain is relatively higher when L 2 is 440 mm than other cases. Simulated results show that the gain of the proposed antenna array can be from 14 dBi to 16.5 dBi in the entire frequency band, which is higher than antenna arrays in other literatures [6] , [10] , [13] .
As mentioned above, the optimum length of the ladder sidewall of the proposed antenna array is 440 mm. Specific parameters of the proposed antenna array are optimized and also displayed in Table 1 . 
B. DESIGN OF PHASE SHIFTER
In this section, the miniaturized phase shifter is designed where the phase shifter belongs to the type of dielectrics moving longitudinally. As shown in Fig. 12 , this is the simulated model of the proposed phase shifter, which consists of a shell, a substrate (ε r = 2.5) and two dielectric plates, and two conductor lines are placed on the substrate to form a feed network. The power distribution on the port is realized by the feed network. As shown in Fig. 12(a)(b) , the pull rod outside the shell is used to move the pair of dielectric plates to the left. Therefore, the function of this miniaturized phase shifter is that the VSWR and power distribution ratio can be guaranteed when the dielectric plate is moved to the left, and sufficient phase change can also be obtained to meet the requirements of the downtilt angle of the proposed antenna array.
When the electromagnetic wave passes through the stripline of length L, the phase delay (φ) generated is:
where λ 0 is the wavelength of the working frequency, and ε r is the equivalent permittivity.
It's known from the equation (1) that the change of signal transmission phase can be realized by changing the length of transmission line and the permittivity. Since changing permittivity of the stripline can achieve phase shift [16] , the basic principle of the proposed phase shifter is to change the equivalent permittivity of the stripline. As shown in Fig. 12(a) , the phase shifter has one input and five output with dielectrics moving longitudinally. P1 is the input port, and P2, P3, P4, P5, P6 are the output ports. The proposed phase shifter operates based on the following principle: the thickness of the covered stripline will be changed when the dielectric plate is moved so that different equivalent permittivity can be obtained. When the dielectric plate is in original position (x = 0 mm), the angle of downtilt is 0 • .
In order to achieve the angle downtilt of vertical beam, the feeding phase difference (dφ) of two radiation adjacent elements is required:
where the distance between adjacent elements of the proposed antenna array is L 3 , f is the operating frequency, c 0 is the speed of light, and θ is the angle of downtilt. The proposed phase shifter uses a material with a permittivity of 3.8 as the dielectric plate. Because the distance between elements of the proposed antenna array is 110 mm, the phase difference can be obtained by the equation (2) of adjacent elements for 50 degrees when f is 2.2 GHz and downtilt is set to 10 degrees. Thus the phase difference between two phase shifter ports is 50 degrees, and the moving distance of 40 mm can be obtained by the equation (1), which can meet the requirement of phase change. In Fig. 12(a) , the dielectric plate is in initial state when x is 0 mm. As shown in Fig. 12(b) , when the dielectric plate moves to the left, the x = 40 mm means that the moving distance is 40 mm, which represents the 10 • of downtilt angle.
In order to make the antenna have smaller sidelobe, the power ratio of each port of the phase shifter needs to be reasonably allocated, so the power ratio of the phase shifter proposed in this paper is set to P6: P5:P4: P3: P2 = 1:2:3:2:1 with reference to the Taylor distribution [17] . In the design of feed network, the conductor lines are designed and fabricated on a substrate with a permittivity of 2.55, and a thickness of 0.8 mm. The circuit schematic diagram of this feed network is shown in Fig. 13 , the power distribution is realized by using multi-node impedance transformation and multi-section power divider [18] , [19] . In general, T-junction power divider can realize power distribution of any proportion. We assume that the transmission line is lossless, the impedance of input port is Z 0 , and the characteristic impedance of the two output ports are Z 1 and Z 2 respectively. Thus the power ratio of the output port is:
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where P 1 represents the power of output port 1, P 2 represents the power of output port 2.
As shown in Fig. 13 , P1 serves as the energy input port while other ports are the output ports. The energy flow is shown in the arrow in the figure. In addition, the characteristic impedance of transmission line can be changed by changing the width of lines, so impedance transformation can be achieved by changing the width of some branch lines in the feed network. When the energy passes through P1 port, it reaches the first T-junction power divider after impedance transformation. In the first T-junction power divider, the first section of the transmission line has a characteristic impedance of 52 while the second section has a parallel impedance of 26 , which can achieve a 1:2 power distribution by equation (3) . On the branches of P5 and P6 ports, the characteristic impedance of the branch is 52 . After the impedance transformation, a T-junction power divider is used to achieve power distribution. Since the characteristic impedance of the P5 branch line is 51 while P6 section has a characteristic impedance of 102 , another 1:2 power distribution can be obtained. Additionally, the branches of P3, P2 and P5, P6 are symmetric, the power distribution ratio of the branches of P3 and P2 is 1:2. Therefore, the total power distribution of the feed network is P6: P5:P4: P3: P2 = 1:2:3:2:1.
In addition, the phase shift of port P4 can be considered to be approximately constant when the phase shifter works, and port P4 can be set to fixed port. Thus the ratio of phase shift of other ports relative to port P4 can be set to θ 6 :θ 5 :θ 3 :θ 2 = 2 : 1 : 1 : 2, which can ensure that phase shift between adjacent ports is consistent when the phase shifter works. The average phase shift of each output port θ ave is given by:
where θ 6 , θ 5 , θ 3 , θ 2 are phase shift of output ports of P6,P5,P3,P2 relative to P4.
As shown in the Fig. 14 , the simulation results show that when the dielectric plate is in two states (x = 0 mm and x = 40 mm), the VSWRs of the input port P1 are still below 1.3, which is beneficial to the designment of the proposed antenna array. In addition, the impedance of each branch will fluctuate in the process of moving dielectric plate, which affects the output power of each port, but simulation results of transmission coefficient (Fig. 15) show that the transmission coefficient fluctuation of each port is less than 1dB, so it can satisfy the designment of the proposed antenna array in practice.
The loss is also an important index of the phase shifter. The gain of the antenna array loaded with the phase shifter will be reduced when the loss of the phase shifter is too large. The phase shifter designed in this paper is a multi-port device, so the loss of the phase shifter can be obtained by subtracting the reflection energy of incident port P1 and the transmission energy of other received ports (P2, P3, P4, P5, P6) through the total energy. The loss is given by:
where Loss stands for loss of phase shifter, S P1P1 is reflection coefficient of P1 port, and S PnP1 represents the transmission coefficient from P1 port to Pn port, n is 2, 3, 4, 5, 6.
III. MEASURED RESULTS AND PERFORMANCE ANALYSIS
In order to verify the effectiveness of the antenna array, the prototype of the antenna array with miniaturized phase shifter is fabricated and experimentally tested. The configuration of the antenna array is shown in Fig. 16 , where the front view is radiation elements and a pair of ladder sidewalls, and the back view is feed networks with miniaturized shift phaser. In the back view, the pull rod moves by means of rotating shaft, so the position of the dielectric plate can be adjusted to achieve the change of phase. First of all, the miniaturized phase shifter is measured by vector network analyzer E5071C. The measured results are shown in Fig. 17 , where VSWRs are still less than 1.3, which is in agreement with the simulated results. While measured transmission coefficients (Fig. 18) are less than the results of simulated ones, the fluctuation of transmission coefficients is still not more than 1 dB, which can meet the requirements for antenna array design in practice. The discrepancy may result from fabrication errors. Fig. 19 also shows that the simulated results and measured results of the average phase shift of the phase shifter by equation (4) when the dielectric plate is moved to 40 mm. Simulated results show that the average phase shift is 53 degrees when the frequency is 2.2 GHz, which can satisfy the design of the proposed antenna array in this paper. Althugh the result of measured average phase shift has a little worse than the simulated one, it still can meet the angle conditions of downtilt. In addition, the loss can be obtained through the S parameter measured in equation (5) . As shown in Fig. 20 , the simulation results show that the loss is between −13 dB and −11.5 dB in the entire frequency band, indicating that the phase shifter has a small loss and the energy can be transmitted with a large proportion through the phase shifter to the antenna array. It is beneficial for the gain of the antenna array. VOLUME 6, 2018 However, the measured results show that the phase shifter has a large loss from −10.5 dB to −8 dB, but it can still be applied to the antenna array, since the antenna can obtain acceptable gain. The difference is caused by the transmission cable and production process.
The overall size of the proposed antenna array is 660 mm × 145 mm × 34 mm. The VSWR and port-to-port isolation are also obtained by vector network analyzer in an anechoic chamber, and the third passive Intermodulation (PIM 3 ) has been also obtained by Kaelus test equipment, while radiation patterns of the antenna array are measured by far-field test system. Because the symmetry of the slant ±45 • polarization, the result of port 1 is presented and port2 is omitted. Simulated and measured VSWRs at different downtilt angles are shown in Fig. 21 . It shows that the simulated and measured VSWRs of the antenna array at 0 • , 5 • and 10 • are less than 1.4 in the working band, which is better than more existing antenna arrays.
The simulated and measured port-to-port isolations (S 21 ) of the proposed antenna array at different downtilt angles are shown in Fig. 22 . It can be seen that the maximum value of the simulated S 21 of the antenna array can reach −27 dB, and measured S 21 are less than −30 dB in all working bands and all downtilt angles. The difference between simulated results and measured ones are caused by the fabrication errors, but measured isolation of the antenna array can meet the modern communication requirements.
In addition, the proposed antenna array has also been measured for the third order passive intermodulation, which has become an important factor limiting the capacity of the communication systems. The measured results are shown in Table 2 , respectively in 0 • , 5 • and 10 • downtilt degrees both port1 and port2 at 1800 MHz, 2100 MHz, 2600 MHz. It can be seen that all the measured PIM 3 are less than −120 dBm, which is well below the −107 dBm requirements of mobile operators. Note that the proposed antenna array has good performance for communication capacity. Further, we use the far field test system to test the pattern of the proposed antenna array. Due to the symmetry of the structure, we measure the radiation patterns of port 1 at 1.71 GHz, 2.17 GHz, 2.69 GHz on the horizontal and vertical planes respectively, the co-polarization is −45 • direction and cross-polarization is +45 • , while another polarization mode is omitted. The test results of patterns are shown in Fig. 22,  Fig. 23 . It can be seen that the proposed antenna array has stable radiation performance.
As shown in Fig. 23 , the horizontal plane radiation patterns of the co-polarization are stable (65 • ± 5 • ) in all working frequency bands, and radiation patterns of cross-polarization will get better with the increase of frequency band. At the same time, the radiation patterns also maintains consistency at different electrical downtile angles. According to far-field test system, the specific values are obtained, such as HPBW, FBR, gain and XPD (±60 • ) in H-plane, which are shown in Table 3 . It can be seen that high FBR (>26 dB) and high XPD (>11.5 dB) at ±60 • azimuth are achieved at the whole operating bands and all downtilt angles. When the angle of electrical downtilt of the antenna beam is increased, the radiation patterns at horizontal plane are still keep stable. In Table 4 , the performance of the proposed antenna array is compared with other base station antenna arrays reported in the literatures [6] - [13] . It can be seen that the proposed antenna array with six elements has excellent FBR and isolation, and the gain (15 ± 1.1 dBi) is relatively higher. What's more important is that many literatures do not consider XPD at ±60 • azimuth, and the antenna array can achieve good XPD across the entire operating frequency band.
On the other hand, the vertical plane gain radiation patterns of the co-polarization at different downtilt angles are shown in Fig. 24 . The definition of the first upper sidelobe suppression (SLS) is the maximum level in theta from −30 • to 0 • ). It is obvious that the first upper sidelobe suppression in all frequency bands are below −16 dB, which meets the base station antenna array design, and it is also shown in Table 3 . What is more, the downtilt angle of the main lobe can be clearly seen in the Fig. 24 , which can prove the accuracy of the proposed phase shifter. VOLUME 6, 2018 
IV. CONCLUSION
A novel antenna array with miniaturized phase shifter operating at 1.71 GHz-2.69 GHz has been proposed, fabricated and measured. The simulated results show that the antenna array has a better performance with ladder sidewalls than other two cases, including HPBW and XPD (±60 • ), and the results of the simulation also demonstrate that the phase shifter has good electrical performance. Finally, the measurements are performed and the results show that the antenna array with miniaturized phase shifter can achieve good radiation characteristics, such as low VSWR(<1.4), high port-to-port isolation (>31 dB), and low third order passive Intermodulation (PIM 3 
